Abstract To sustain the livelihoods of smallholder farmers globally, improved human nutrition must not sacrifice future agroecosystem productivity. We gathered environmental, agricultural management, food security (FS), and normalized child height for age (HAZ; children age < 2y) data from 297 farming households to test whether enhanced FS and nutrition goals can be aligned with agroecosystem maintenance in Andean farming systems that rely heavily on the local environment. Our results demonstrate many expected relationships between environment, agriculture, and nutrition in these communities' households, for example between ecosystem biomass production and manuring rates, between total household crop production and FS, and between HAZ and child diet diversity. However, increased FS status evaluated by households was unrelated to HAZ as an indicator of nutrition status. By contrast, better child nutrition and feeding practices in some households were associated not with total production but with farming practices that sustain soils and secure higher per-hectare crop yields: longer fallows, greater crop diversity, and smaller cropped areas. These results may be explained by the tendency for agricultural practices correlated with household food insecurity (e.g. reduced manure inputs, greater cropped area) to increase labor and impede appropriate feeding and child nutrition while they accelerate environmental degradation. Crop production imperatives for food supply can thus degrade soils without delivering improved nutrition. Meanwhile, more sustainable practices in households with better child nutrition (e.g. smaller, better-manured crop areas) may address time barriers to effective care and feeding. We discuss challenges and opportunities based on these results for meeting both nutrition and environmental goals.
Introduction
Forty percent of the world's population lives in rural communities that rely on smallholder subsistence agriculture for survival (FAO 2012) . In such systems environmental degradation and food security (FS) are strongly connected (Norgaard 1994; Ostrom 2009 ). As a result, these communities are often caught in a vicious cycle where farmers respond to reduced productivity in ways that accelerate degradation and undermine future FS (United Nations 2012).
More generally, the trajectory of environmental change in social-ecological systems (SES) is governed by complex interactions across the human-environment interface (Liu et al. 2007 ). In agricultural systems, coupled social-ecological mechanisms operate within and across many scales (Ostrom 2009 ). For example, farmer practices and household decisions reflect the biophysical environment, but also cultural norms Electronic supplementary material The online version of this article (doi:10.1007/s12571-016-0598-2) contains supplementary material, which is available to authorized users. and larger-scale social structures (Norgaard 1994; Ostrom 2009 ). Farmers are often aware of the environmental degradation accruing from their farming practices, but they cannot respond with environmentally rational management due to constraints imposed from larger scales such as community governance or global market structures (Mwangi and Ostrom 2009; Snapp et al. 2010) .
The transition to agricultural sustainability and FS requires farmers, and the societies in which they live, to first perceive and then respond to environmental degradation in ways that protect ecosystem services over the long-term (Clark 1989; Norgaard 1994; Alessa et al. 2008) . Social-ecological linkages that promote such adaptive management have been termed adaptive coupling to reflect the multi-scale nature of these feedbacks (Hufnagl-Eichiner et al. 2011) . Adaptive coupling across the socio-ecological interface is a prerequisite for sustainable societies (Norgaard 1994; Meadows 1998; Ostrom 2009 ) while maladaptive coupling promotes a trajectory where social-ecological feedbacks fail to mitigate and often accelerate degradation of natural resources (Hufnagl-Eichiner et al. 2011) . These feedbacks across the social-ecological interface make appropriate responses very difficult to implement, as seen in examples of maladaptive coupling such as the pesticide treadmill, the downward spiral of soil degradation, and the vicious cycle of infection and undernutrition among human populations afflicted by poverty (Dover 1985; Topp et al. 1995; Schaible and Kaufmann 2007) . In response, recent global initiatives are promoting adaptive responses to sustainability challenges. In the wake of the 2014 United Nations climate change conference in Lima, Peru, for example, agriculture and food security projects called for alignment between climate change responses and human outcomes for smallholders that would Bmake climate mitigation an opportunity for food security^and emphasize equitable Bnutrition security^as an adaptive sub-component of food security (Deering 2014) . Our research sought to inform these efforts for adaptive coupling in food security with empirical data from a smallholder farmer context where food production is tightly linked to the local environment.
Research aims
In this paper we examine the interrelations between community environment, soil and crop management, household FS, and child nutrition in subsistence Andean communities. By analyzing these social-ecological linkages we hoped to understand the potential of smallholder communities to respond adaptively to environmental degradation, food insecurity and undernutrition. To understand this response, we attempted to capture both the self-perception of household FS using a validated survey-based metric (the Household Food Insecurity Access Scale, HFIAS), as well as normalized child height for age (HAZ) as an empirically determined indicator of child nutrition. Child nutrition outcomes presumably form a part of households' food security objectives and are an integrative and far-reaching household nutrition outcome, reflecting not only a household's evaluation of its FS but also child feeding practices, health service access, and a hygienic home environment. Measuring household FS and HAZ along with child care (measured using an infant and child feeding index (ICFI)) and dietary diversity (measured using the Household Diet Diversity Score (HDDS)), within pathways from environment and production to child nutrition was a way to better test how environmental and management factors were associated with both perceptions and outcomes as adaptive or maladaptive social-ecological linkages.
The Andean communities in the mountainous Northern Potosí region of Bolivia depend heavily on agroecosystems that integrate the production of livestock and annual crops (potatoes, cereals, and pulses). Such mixed agroecosystems in communities that graze marginal lands as a common pool resource together with crop fields under household management are found worldwide (Ostrom 2008; Ellis et al. 2010) . Andean agroecosystems are highly vulnerable to soil erosion which is the principle cause of crop and rangeland degradation (Zimmerer 1993; Montgomery 2007) . Some farmers realize that environmental degradation is occurring and describe decadal changes in vegetation and animal health (Kessler and Stroosnijder 2006) . Strategies to minimize environmental degradation and yield losses are employed to a limited extent at community and household scales, indicating incomplete adaptive responses to environmental conditions. For example, Andean farmers use multiple elevation zones to diversify crop production (verticality) and scatter fields through the landscape to guard against weather risk (Goland 1993; Murra 2002) . Crop diversity in these systems enhances sustainable soil use (Zimmerer 2010) and can also support more diverse diets that improve child nutrition (Herforth 2010; Berti and Jones 2013) . These communities also designate vulnerable land with steep or shallow soils as communal rangeland under perennial cover. Flatter areas are reserved for annual crop production, where soil fertility is regenerated using fallows and manure derived from rangeland grazing. Nevertheless, erosion rates of 10-100 Mg ha −1 y −1 are common, threatening soil fertility especially when agriculture is intensified and fallows are shortened on steeper land (Romero-León 2005) . Our earlier work (Vanek and Drinkwater 2013) showed that farmers target manure application to cropland near communities (hereafter Bnear fields^), compensating for erosion losses of major nutrients. However steeper fields far from farmer dwellings (hereafter Bfar fields^) within villages spaced throughout the landscape receive less manure and yield less, suggesting that poor management and erosion act together to exacerbate nutrient deficits and undermine food production.
The aim of this observational study was to assess the evidence for adaptive or maladaptive coupling in these smallholder subsistence systems. We investigated a series of hypotheses and research questions about linkages among households' environment, agricultural productive assets, crop management and crop production, and the way in which these variables were associated with FS, nutrition practices, and child nutrition outcomes in these households (Table 1 ).
Household FS and child nutritional status were chosen as central dependent variables because we assumed that they motivate household production, so that practices associated with FS and nutrition would indicate adaptive or maladaptive coupling as two alternative hypotheses at the core of the study. For example, if greater FS is associated with environmentally degrading practices, such as shortened fallows or increased grazing, families may be pursuing access to food in a way that 
Subjects and methods

Study area
Communities in the study area are located in rugged mountainous terrain of the Eastern Cordillera of the Bolivian Andes, in the northernmost part of the Department of Potosí (see map, Fig. 1 ). Farmers grow crops between 2400 and 4200 m elevation, dominantly without irrigation and depending on rain that falls between October and May (500-800 mm annual rainfall). Crop rotations include sequences of potatoes (Solanum tuberosum) other Andean tubers (e.g. oca, Oxalis tuberosum), maize (Zea mays), faba beans and peas (Vicia faba, Pisum sativum), barley and wheat (Hordeum vulgare, Triticum aestivum), forage oats (Avena sativa), and Andean lupine (Lupinus mutabilis) roughly in that order. These crop rotations are alternated with grazed fallows during which soil becomes revegetated with wild and weedy plant species and regains fertility. Livestock includes abundant sheep and goats depending on elevation, with llamas at higher elevations and small numbers of donkeys and bovine cattle as draft animals throughout. Rural electrification was expanding into the area at the time of the survey, and 18 % of households surveyed had electricity for lighting. Households purchase some outside food items (oil, sugar, salt, some starch staples) but household production supplies the vast majority of food consumed (Berti et al. 2010) . These communities were especially appropriate for our study because they are relatively homogeneous in social and technological terms, representative of intensifying smallholder systems in the Andes, and strongly dependent on local production and local ecosystems, so that hypotheses of adaptive vs. maladaptive coupling are both plausible and important to local environmental and FS outcomes.
Community environmental determinants of soil fertility inputs and food production
We first probed the dependence of households' soil fertility and crop and livestock production strategies on the environmental setting of their community. We hypothesized that higher vegetation productivity of communities would be associated with larger animal herds and greater manure phosphorus (P) applications to fields consistent with greater capture of nutrients in manure by greater numbers of animals ( Table 1 ). We also expected that households in flatter communities would farm greater land areas, another potential linkage between environment and staple food production. Political boundaries of surveyed communities were mapped in a geographic vector layer (Manifold GIS, Hong Kong, PRC). Annual net primary productivity (NPP, g C· m 2 y −1 ) available to communities for use as food, forage, fiber, and soil inputs, was averaged within these boundaries using remotely-sensed NPP from the 2000-2006 MOD17A3 1 × 1 km United States National Aeronautics and Space Administration data product (NASA LP DAAC 2012). This dataset uses remotely-sensed spectral characteristics of vegetation (Bgreenness^) to estimate yearly per-hectare plant biomass production (see http://www.ntsg.umt. edu/project/mod17). The proportion of flat to mildly sloped land (slope < 12°) within community boundaries was measured using the ASTER 30-m resolution elevation model (ERSDAC 2007) to estimate the potentially farmable land area in each community. Population density was calculated as the number of HHs divided by the community area. These data captured environmental factors that form the context or community environment for HH food production. Because these community-level variables express the environmental effects of each community's location within statistical models, community was not included as a fixed effect in these models where it would have been redundant with these environmental descriptors.
Crop and manure sampling
Manuring rates, crop yields, and manure nutrient contents were directly measured on farm fields in the same communities and at similar ranges of elevation during the 2 years prior to the survey, providing an empirical foundation of manure and crop nutrient contents as well as local ranges of manure nutrient inputs and crop yields that were scaled up using the household survey (Vanek and Drinkwater 2013 ; see online supplement for further details). For example, mean manure phosphorus (P) contents were used to calculate P manure inputs from farmer-reported manuring rates in the survey (see online supplement for manure P dataset). Phosphorus input rates in manure were chosen as a focus of the survey because input rates and soil erosion losses of P were previously shown to vary strongly between near and far fields in these systems. Our previous work showed 11 +/− 1.3 kg P ha Classification of measured manure application rates and yields into quartiles of poor, fair, good, and very good manuring and crop yields were used to check survey responses regarding soil fertility management and yield.
Household survey
We examined the association of household FS measured by a survey-based metric with households' child nutrition outcomes, represented by the HAZ of children under 2 years of age. We also tested the linkage of these food security and nutrition measures to agronomic metrics such as animal and land assets, manuring rates, yields, and crop diversity from the survey. We hypothesized that animal ownership and cropped land area would, in parallel, explain levels of FS experience by households, since these are both wealth measures and also represent productive assets linked to food supply. The survey also assessed child care and feeding and diet diversity using validated scales, so that relationships between these care and diet diversity indices and household assets, management, and community environment could be investigated. We expected that households experiencing higher levels of food security would also have children with lower levels of stunting, and that infant and child care and feeding would also be tightly coupled to child HAZ. In March 2009, 335 households (HHs) were surveyed in 44 communities in Northern Potosí, Bolivia. These communities occupied the action area of the collaborating organization World Neighbors Bolivia. The survey aimed to capture an exhaustive sample of all families with children of age < 2y in these communities. The 335 HH sample represented 91 % of these HHs. We recorded responses and HH consent using hand-held computers (ASUS MyPal A696). Cornell University's Institutional Review Board for human participants approved the survey. Survey responses on manure inputs and crop yields were converted to estimates of nutrient inputs using on-farm sampling from households in the same set of communities (see crop and manure sampling, above). For example, survey data on the weight of a number of sacks of manure brought to the field divided by the estimated field area (see land area, below) was combined with mean P content of sampled manures to create an estimate of P input rate to the field in kg P Ha −1 , and also checked against a qualitative survey rating by farmers in the survey of the level of nutrient input (none, low, moderate, high nutrients applied).
Household farm production
We converted HH herd sizes of different animals reported by farmers in the survey to tropical livestock units (TLU) based on animal body weight (Jahnke 1982) . The total land area cropped by each HH was calculated by dividing the amount of seed (kg) of each crop planted in the previous year by typical seeding rates (kg ha
) for that crop supplied by six technicians and farmer promoters with experience in the study area. This way of measuring field areas was suggested by field staff because farmers are sensitive about referring to land tenure directly. By contrast total seed deployed is a familiar way that farmers use to describe the extent of their plantings which de-emphasizes land ownership in the survey dialogue. Seeding rates were reported by these technicians to vary little across the study area. We checked this assumption by testing variability in furrow widths -one contributor to variation in seeding rate -of potato and maize in the crop field sampling (above). Confidence intervals (95 %) constructed for furrow widths from 15 potato and 10 maize fields in these crops were +/− 4.2 % of the mean in potato and +/− 4.9 % of the mean in maize, suggesting that seeding rates contribute small to moderate measurement errors in the use of survey data to compute field areas. This error is likely unsystematic and similar to other sources of error in the survey such as calculation of livestock units and farmer estimation of yields. Individual crop areas were summed across crops to find the total crop area. Technicians and farmer promoters also supplied typical animal weights for calculation of livestock units (sheep or goats =0.2, llamas =0.5, and cattle =1 TLU; Jahnke 1982). Crop diversity was the number of different crop species harvested in the last season.
Using the survey, farmer-reported management and production data was gathered on one far and one near field per HH based on distance to dwellings. Farmers generally crop between three and eight fields in any given year, evenly divided between near fields in or around the community and far fields within sectoral fallow systems. Mean distances to near and far fields were approximately 250 m and 5 km using the reported time taken to reach these fields by interviewees. Farmers reported kg of potato seed required by each field for calculation of field areas, dividing by the standard regional seeding rate as described above. Manure applications were reported for the previous 4 years and were multiplied by P content from previous manure sampling to determine a manure P input rate (kg P·ha ). These mean input rates per year over 4 years of the two fields were averaged to create a measure of households' deployment of manure to maintain soil fertility. Phosphorus inputs were preferred here because manure P inputs were demonstrated in previous research to be a major determinant of soil nutrient mass balances in this area (Vanek and Drinkwater 2013) . Manure P is also associated with organic carbon incorporated into soils that sustains soil fertility.
To measure crop productivity, we estimated crop yield using three estimation methods for each year's harvest from the near and far field, in order to cross-check survey responses. These three yield estimation methods were (1) yield brought from the field in kg divided by field size estimates gained from a farmer's estimate of the amount of potato seed required to seed the field; (2) the ratio of kg crop harvest: kg crop seeded, which is a measure of crop yields in common use among farmers and local professionals that was converted to a per-hectare yield using the estimated seeding rate for that crop; (3) a qualitative estimate of Bpoor^to Bvery good^yields referenced to quartiles of values from crop on-farm sampling (above). The use of recall data from surveys may be subject to imprecision from inaccurate recollection of yield amounts or farmer-to-farmer variation in appraisals of good vs. poor yields. Nevertheless, a strength of recall data for these smallholder systems is (a) the ability to gather data under challenging circumstances, compared to a complete biophysical survey that would require harvest sampling on hundreds of fields and (b) the ability to incorporate data from a longer timecourse in a wide geographic area to buffer the effects of high spatial and temporal variation known to occur in regions such as the Andes. In addition, our previous research in the same area indicated a high degree of uniformity in the strategies and criteria for soil and crop management (Vanek and Drinkwater 2013) , which would tend to reduce variability from farmers having different qualitative appraisals of yields. We also stratified the sampling of fields using near and far within the survey and averaged the responses of a near and far fields to avoid systematic bias. In the case of yield data we screened out records for which at least two of the three estimates (1, 2, 3, above) could not be made to agree (38 HHs). In most cases where the direct estimate of production per hectare (estimate one) and the ratio of harvest to seed (estimate two) yield estimates 1 and 3 were in agreement (and validated using 2, the qualitative yield range), estimates 1 and 3 were averaged to give a final yield estimate.
To measure the role of these fields in household food supply, a standardized crop yield (Z-score) was calculated for each year relative to the population of yields for each crop in the survey. The Z-score was a way to compare the production role for each household of the fields from the survey, normalized by the mean yields of each crop across the dataset. To calculate this score the difference between each crop yield and the whole dataset mean for that crop was divided by the standard deviation of yields for that crop. The mean yield Z-score for the past 4 years was used as a normalized per-hectare yield for the near and far field, and these two were averaged to reflect the per-hectare productivity of the two example fields managed by each household ('survey field yields' in Table 1 and results). In addition to the results for these two fields, total crop harvests (kg) in the past year and the amount of each crop sold were summed across crops to measure total HH production and sales ('total crop production' in Table 1 and results). This total production amount was divided by the seed for that crop, and combined across crops after standardization, to estimate whole-farm per-hectare yields of staples ('farm-level staple yields' in Table 1 and results below). We estimated both per-hectare yields and total production from the survey data because they provide a more complete picture of the relationship between soil fertility, crop production, and food security. For example a household with low per-hectare yields may compensate by farming more hectares, while low per-hectare yields might suggest poor inherent soil quality or insufficient inputs to soils to maintain their fertility.
Food insecurity and child nutrition
We measured HH food insecurity using the experience-based Household Food Insecurity Access Scale (HFIAS), a questionnaire with a four-week recall period that assesses anxiety and uncertainty about HH food supply, diet quality, and food intake and its physical consequences (Coates et al. 2007 ), adapted to the local context with formative research and cognitive testing. We assessed the diversity of foods consumed at a HH level using the Household Dietary Diversity Score (HDDS; Gibson 2005; Swindale and Bilinsky 2006), based on a 24 h recall of foods consumed by any HH member from 12 food groups. Child feeding practices were assessed using an infant and child feeding index, which measures the care and feeding practices of child caregivers (Moursi et al. 2008 , see online supplementary information). The ICFI combines individual 24 h dietary recalls of amounts and preparation of child foods, including breastfeeding, combined with sevenday food frequencies to create an ICFI score. Trained staff conducted anthropometry measurements, taking the height of all HH children aged <24 months. HAZs were then calculated in SAS (version 9.1, SAS Institute, Cary, NC) based on the World Health Organization Child Growth Standards (WHO 2006; see online supplement for further nutrition methods).
Statistical analysis
We used stepwise multiple linear regressions with an Akaike overfitting criterion (AIC; Akaike 1976) in JMP (SAS institute, Cary, North Carolina, USA) to understand the association of HH management and production with HH assets and community environment (see table one and results below for independent variables used). Stepwise regressions were also used to relate FS and nutrition dependent variables (HFIAS, HDDS, ICFI, and HAZ) to community and HH predictors measuring key aspects of environment, assets, management, and production. In addition, pairwise (Pearson) correlations were used to test relationships among environment, production, and FS/nutrition variables, in particular the alignment between the FS, child HAZ, and diet and feeding practice dependent variables (HDDS and ICFI). Records with missing values for any given parameter were not included in the regression. We transformed response variables where needed to satisfy requirements of homogeneous variance. When interactions were significant among independent variables in the regression, we constructed 95 % confidence intervals for the response at the 10 % and 90 % percentile points of each independent variable using the profiler function in JMP software and graphed these on interaction plots.
Results
Survey and community-level environmental data
Household food insecurity, child undernutrition, and resource limitation were evident in these communities, with 41.3 % of households reporting food insecurity (Table 2) . Approximately half of the children in the sample (50.1 %) were stunted, with HAZ more than two standard deviations below the mean of a healthy population (HAZ < −2, Table 2 ). Child stunting is associated with cognitive deficits, and poor health and poverty later in life (Victora et al. 2008) . Communities ranged in elevation from 2800 to 4090 m and were distant from market towns ( Table 2) . Most communities occupied steeply sloped land so that cropland constituted less than half of each community's area (Table 2) . Households cultivated less than one hectare land on average, with shorter fallow duration on near fields compared to far fields (Table 2) . Over 80 % of households lacked electricity, and only 7.9 % of mothers had completed primary school.
Links between environment and management
Community-level environmental characteristics were associated with cropped land area, livestock assets, and soil management by households. For example, community net primary productivity (NPP) was positively related to the mean fallow duration practiced by households as well as their herd sizes and manure phosphorus (P) inputs to fields (Fig. 2a-c) . Household crop land areas were larger, and herds were smaller in communities with flatter terrain, consistent with community prioritization of cropping vs. herding depending on topography (Fig. 2b, c) .
Soil fertility and crop production also varied among households depending on land and livestock assets, and farmerreported crop yields responded to their soil fertility management.
Households with more animals applied more manure P to fields (Fig. 2c) , and also manured near fields at higher rates than far fields (Table 2, p < 0.05 for near vs. far t-test). Households cropping larger areas had lower manuring rates (Fig. 2c) and lower farm-averaged crop yields per hectare (Fig. 2d) . Meanwhile, near and far fields' manuring rates and fallow lengths were correlated, indicating management consistency by farming households (r = 0.24, p < 0.001 for manure P input rate and r = 0.38, p < 0.001 for fallow lengths; n = 297 for both correlations). Yields in near and far survey fields (kg·ha −1 ) were also positively correlated (r = 0.22, p < 0.01; n = 297), and the mean of standardized survey field yields was also positively correlated to the mean of manure P inputs on these fields, consistent with a response to fertility inputs (r = 0.17, p = 0.004; n = 297).
Household food security, diet diversity and child nutrition
Child care and feeding practices measured using the ICFI index, including child diet diversity, breastfeeding, and feeding frequency of both breast milk and complementary foods were positively associated with child anthropometry status in an expected way (pairwise correlation between ICFI and HAZ in Fig. 3 ; p < 0.0001). Less expected was that perceived household FS measured using the HFIAS was not significantly correlated with child growth (Fig. 3) . Diet diversity at a household level (vs. the child-level diet diversity measured by the ICFI) was not associated with child growth, but was positively associated with child feeding practices (Fig. 3 , pairwise correlation, p < 0.01). In addition, households with more children reported lower FS and had less adequate child feeding practices and HAZ of children <2y, as we had expected (Table 2) .
Pathways from community environment to child nutrition
Neither crop amounts sold by households, migration of family members, or outside income reported in the survey predicted households' FS perceptions or child height for age, confirming that agriculture was dominant in supporting the diets of surveyed households, although not ruling out the role of limited purchased foods and monetary incomes in supporting food supply or aspects of crop and soil management. Aside from the positive association of elevation with household FS and diet diversity (Fig. 3) , community environment did not predict household FS and child nutrition, perhaps because within-community variance in FS and nutrition indicators was larger than that among communities. For example, the mean of intra-community standard deviations (SD) for HFIAS and HAZ respectively were 3.0 and 1.1, while between community SDs were only 2.6 and 0.5 for HFIAS and HAZ (community-level summaries for data are given in the online supplement). At a household level, reported FS was positively associated with total crop production and number of livestock owned, but also with lower per-hectare manuring rates and shorter mean fallow lengths, although the relationship with fallow lengths was only weakly significant (Fig. 3) . Table 1 for the set of independent variables).
Error bars along the Y-axes show the 10th and 90th percentiles of the dependent variable. Significance values indicated by symbols are +, p < 0.10;*, p < 0.05; **, p < 0.01; and ***, p < 0.001
Among animal-wealthy households, those cropping larger land areas reported greater FS, while households with small herds and large cropped land areas reported the lowest FS (p < 0.001, Fig. 4a ). Animal-wealthy households with greater crop production, then, while reporting adequate FS, were also diluting manure inputs across larger land areas (Fig. 2c) , which could impair fertility and yields over the long run. In addition, among households cropping larger land areas, those growing fewer crops reported greater FS, while FS did not vary with crop diversity in low land area households (Fig. 4b) . Animal ownership and total crop production, therefore, not crop diversity, emerged as positive drivers of reported FS. This occurred in spite of a positive association of crop diversity to both child anthropometry and household diet diversity (Fig. 3) suggesting that household experiences and perception of FS were decoupled from nutrition outcomes. In contrast to household FS, household diet diversity was linked to higher per-hectare yields regardless of animals owned or cropped land area (Fig. 3, Table 3 ). The link between crop diversity and household diet diversity was only weakly significant (Fig. 3, Table 3) ; however, the area devoted by households to cropping legumes was a stronger and more significant predictor of HDDS when legume area was substituted for overall crop diversity in regressions (Table 3) . Meanwhile, beneficial feeding practices (measured using the ICFI) were negatively associated with total crop production and cropped area, in contrast to the positive association between reported FS and total production (Fig. 3) . Children in households cropping more land had lower HAZs, contrasting with the higher FS reported by wealthy households with large herds and cropped areas, but in agreement with the lower FS reported by animal-poor households cropping larger land areas. Child HAZ was also positively associated with perhectare yields, longer fallows and crop diversity. Therefore, management fostering greater diversity of crop residues and crop rooting types, longer resting phases for soil, and perhectare soil productivity of cropped areas, rather than total farm output was associated with better child nutrition outcomes. Likewise, higher per-hectare manure P inputs and animals owned by a household were associated with better child Fig. 3 a-d Environment, household asset, management, and production statistical relations to food security and nutrition indicators using stepwise regressions. Rectangles a, b, c, and d represent four stepwise regression analyses, with scaled slopes and significance for each predictor indicated in the outer area of each rectangle: a. prediction of food security, measured as the negative of the Household Food Insecurity Access Scale (−HFIAS) from the household survey, showing scaled regression slope estimates and significance of independent variables. Scaled slopes indicate the change in the dependent variable when the predictor changes by half its range, so that relative strengths of the regression parameters are better compared regardless of the units of the independent variable. Significant interaction terms are shown in italics, with interaction plots for these interactions shown in Fig. 4 .; b. prediction of normalized height for age for children <2y (HAZ), showing scaled regression slope estimates and significance of independent variables; c. prediction of household diet diversity measured using the Household Diet Diversity Score (HDDS), showing scaled regression slope estimates and significance of independent variables; d. prediction of infant and child care and feeding, measured using the Infant and Child Feeding Index (ICFI), showing scaled regression slope estimates and significance of independent variables. Between large rectangles, double-headed arrows show Pearson correlation r values with associated p-values from correlation analysis conducted independent of the stepwise regressions. For correlations and regressions significance is indicated as: + p < 0.10; * p < 0.05; ** p < 0.01; and *** p < 0.001. See Table 2 for the more detailed outputs from these regressions including additional predictors/controlling variables such as number of children in households feeding practices (Fig. 3) . Crop diversity was also associated with feeding practices although the relationship varied with cropped land area: among low land area households those with higher crop diversity had better feeding practices, while the reverse was observed in households with more cropped land (Fig. 4c ).
Discussion
Our results are consistent with three major conclusions about coupling in these smallholder social-ecological systems. First, farmers' management relied strongly on the environmental setting in an expected way. For example, more land was Fig. 4 a-c Interactive effects on food insecurity (HFIAS; Fig. 4a and b) and infant and child care and feeding (ICFI; Fig. 4c ) of surveyed households, showing significant interactions between animals owned and crop diversity with cropped land area. Error bars on mean symbols show 95 % confidence intervals of the dependent variable when evaluated at the 10th and 90th percentile values of the interacting independent variables. Non-overlap of confidence intervals indicates significant differences of the dependent variable at that value of the independent variable shown along the x-axis Table 3 Regression outputs for stepwise multiple regression outputs, representing final statistical models after stepwise selection. Scaled parameter estimates are given in Fig. 2 , while interaction plots for significant interactions are shown in Fig. 3 . Significance values indicated by symbols are +, p < 0.10;*, p < 0.05; **, p < 0.01; and ***, p < 0.001. '-' means that the independent variable was discarded from the stepwise regression; 'NS' means it was retained in the stepwise regression as a controlling variable but not found significant 
Interaction terms
Interaction, livestock owned × cropped area < 0.01 ** Interaction, crop diversity × cropped area < 0.01 ** < 0.01 ** cropped in flatter communities, and more productive rangeland was linked to more animals and higher manuring rates. Second, for many households the perception of FS measured by the HFIAS was correlated with management regimes that tend to accelerate environmental degradation (e.g. reduced fallows and larger cropped areas in highlivestock households). Although observational studies such as ours do not conclusively prove causal relationships among potential drivers and outcomes in such complex social-ecological systems, the associations we found are consistent with the idea that linkages between crop production and household imperatives for adequate food result in unsustainable management for many households in these communities. Third, in some households practices likely to contribute to soil regeneration and better child anthropometric status (HAZ) as a measure of child nutrition were aligned. Specifically, good child feeding practices and child nutrition outcomes were associated with higher crop diversity, lower cropped areas and higher per-hectare yields and manure P inputs.
More land, more animals: maladaptive coupling linked to farmers' food security objectives
The positive association between animal assets, total crop production and household FS here and in other subsistence settings suggests that these measures are proxies for household wealth (Regassa and Stoecker 2012) . However, cropped land area, which we initially assumed to be solely a wealth proxy, depended strongly on herd size in terms of the way it was correlated to FS. Households with both large land areas and large herds did report greater FS, consistent with a more extractive use of soils to harvest sufficient food. These larger herds and farmed land areas were also correlated to lower manuring rates, consistent with manure being insufficient to cover the larger cropped area generating FS through greater total production, possibly because even with larger herds manure was insufficient to manure at high rates on all land. Additionally, households with fewer animals but larger cropped areas reported lower FS. Given that lower per-hectare yields corresponded with larger cropped land areas (Fig. 2d) larger cropped areas among animal-poor farmers could reflect these farmers expanding their farmed area to compensate for low yields and food insecurity in the context of less productive soils. Such expansion of farmed areas would be consistent with vicious circles and poverty traps of insufficient FS and soil degradation as described by Tittonell and Giller (2013) , although our study does not address intentionality of decision-making regarding FS and soil management.
Consideration of smallholder households' intentions and strategies for managing soils and child nutrition prompts examination of ways that the hypotheses we explore here can extend to smallholder contexts globally. Many smallholder contexts are less isolated and experience greater impacts of migration and outside income on FS and human nutrition than those we documented here. In our Bolivian study area, migration, outside income, and electrification were present even if they were not predictive of FS or nutrition. This could have been due to their affecting FS or nutrition in a uniform as opposed to a differential way, e.g. earnings are likely used to cover outside food items (e.g. oil, sugar), medical needs, and school expenses, resulting in a non-differential impact on HH food security or nutrition. Also, our survey and statistical approach did not lead us to identify dramatic differences among types of farm households, thus modeling HHs as a single population. This single-population analysis was justified by relatively high levels of social organization and weak social stratification within these communities (for example, the mean number of livestock owned by the top 10 % of HHs in our sample was only 2.4 times the median level of livestock owned). By contrast literature from regions such as sub-Saharan Africa demonstrates sometimes dramatic differentiation of farms into typologies with differing wealth and livelihood portfolios (e.g. Tittonell et al. 2010; Giller et al. 2011 ). Taking such typologies into account so as to better differentiate adaptive and maladaptive management, livelihood and nutrition strategies would be a productive way to further probe hypotheses explored by our research.
In contrast to the linkages between household FS and resource-degrading crop production, better soil practices among our survey households were predictive of improved child nutrition outcomes. Child anthropometry (HAZ) was uncoupled from household experience of FS but correlated to practices that sustain cropland fertility (e.g. higher manuring rates, higher crop diversity, longer fallow lengths) and larger per-hectare yields from smaller crop areas. Also, household FS was associated with greater animal wealth, while child growth was not. A plausible explanation of these differences is that although household wealth and food production may contribute to child nutrition (Regassa and Stoecker 2012) , proper child feeding practices, hygiene, and other health-seeking behaviors are also crucial for proper growth (Bhutta et al. 2008) . These positive nutrition practices are present in both poor and wealthy households (Ruel and Menon 2002) so long as caregivers focus on them. When households crop more land, higher labor demands likely detract from caregivers' time and attention on child nutrition (Jones et al. 2012) . Conversely, the higher returns to agricultural labor from cropping a smaller, more productive land base would free attention for caregiving, even when these are not tied households' self-perception of FS. Our study does not prove causation in this regard. Notably it does not distinguish between households intending to prioritize caregiving in relation to higher per-hectare yields and smaller cropped areas, and happenstance of households possessing both of these characteristics, perhaps in relation to some other unmeasured explanatory factor (both would be interesting results). It does however strengthen the hypothesis that soils maintained in a more productive state would allow households to prioritize better human nutrition, which could be explored by further more casebased research as noted above. Diet quality at a household level in our study, measured by household diet diversity (HDDS) supported this soil/nutrition hypothesis in a more tenuous way. Fallow duration and HDDS were negatively associated which could suggest that there are tradeoffs between soil regeneration via fallowing and producing a larger number of crops to support diet diversity within a given cropping cycle. There was also only a weak association between crop diversity and household-level diet diversity. This could be because HH diet diversity encompasses both purchased foods and farm production and also because growing more crops within a food grouping does not increase diet diversity (e.g. potatoes and maize are both starch staples), as pointed out by Berti and Jones (2013) . Larger-scale studies have found a far stronger association between production diversity and diet diversity in Africa (Jones et al. 2014) , possibly mediated by market integration and gender-based decision-making factors that may have differed from our Andean case. The association of diet diversity to legume crops grown in our study makes sense however because legumes comprise an additional food grouping, and would indicate the potential for adaptive coupling between HH diet quality and greater availability of nitrogen (N) in soils over time, since legumes add fixed N from the atmosphere to nutrient cycles via crop residues, forages, and food sources in agroecosystems.
Inconspicuous linkages and maladaptive coupling
Our findings suggest that future work to understand and promote pathways towards adaptive coupling should contemplate the difference between management decisions and consequences that are conspicuous to managers (i.e., visible, immediate, or considered as clear imperatives) and those that are inconspicuous (indirect, invisible, or delayed). Our study is consistent with other literature showing that child nutrition outcomes are less conspicuous in the FS perspective of households than maintaining household food supply via total farm production. For example, chronic child undernutrition may be inconspicuous for communities with endemic poverty because most children are growing poorly and child illness and death are common occurrences (Smith and Haddad 2000) , an idea similar to the shifting baselines among human managers of fisheries and water resources (Alessa et al. 2008; Bunce et al. 2008) . The fact that most children under 2 years old in these communities were short for their age may explain why household perceptions of FS in our study were decoupled from child anthropometry and other related factors that were linked to child nutrition such as diet diversity.
In a similar way, the association of FS with animal wealth, farmed area and a greater total deployment of manure suggests that these management assets are more conspicuous to households than inconspicuous processes such as degradation via erosion in hillside farming. Manure application rates do not keep pace with erosion losses on sloped fields in these communities (Vanek and Drinkwater 2013) , so that soil fertility is undermined in an inconspicuous way at odds with future food security. Meanwhile, some households with better child anthropometry status seem to be addressing less conspicuous aspects of child care and feeding as well as maintaining soil fertility, for reasons we discuss above.
The link between the conspicuousness and perception of risk and change and the willingness to act has been documented in research regarding environmental degradation (e.g. Hatfield and Job 2001; Kindu et al. 2015) and climate change (e.g. Viscusi and Zeckhauser 2006; Etkin and Ho 2007) . Our results suggest that it may be productive to analyze the human nutrition and food production challenges, and the adaptive coupling of smallholder farmers to their environments, in these terms. Future research would also need to distinguish between the willingness to act on conspicuous vs. inconspicuous aspects of child nutrition and soils, and the low investment capacity and other constraints that hinder response to perceptions of degradation or undernutrition regardless of willingness (see e.g. Zimmerer 1993 ).
From nutrition to communal rangelands: crossing scales
The alignment of improved nutrition with higher manuring rates initially suggests adaptive social-ecological coupling that could improve soil fertility and human welfare. However, higher rates of manure application in farm fields may provoke longer-term degradation of grazed rangeland as the ultimate manure source, and continued degradation of cropland if effective governance of rangelands is lacking and soil erosion in cropland is not addressed (Vanek and Drinkwater 2013) .
Positive outcomes for nutrition and cropped soils might thus be subsidized at the expense of sustainability at other spatial scales. Sustainable governance of common-pool rangeland resources and their role in supporting cropland soil fertility is therefore a challenge to achieving adaptive coupling in these systems (Ostrom 2008) . There is some evidence indicating communities' ability to respond at this scale; a recent case study from Bolivia and Peru documents that community perceptions of forage degradation have led communities to reduce herd numbers (Grupo Yanapai 2013). Additionally, long-term data from Peruvian livestock censuses show that sheep populations for six central Andean departments in Peru with similar smallholder systems to our Bolivian study area declined on average 41 % from 1994 to 2014, also demonstrating the potential for reducing pressure on rangeland resources, although it is not demonstrated that these reductions were intentional (INEI 1994 (INEI , 2012 ; departments of Junín, Huancavelica, Ayacucho, Apurímac, Cerro de Pasco, and Cusco). These decreases suggest that the capacity for effective common-pool management exists. As in the case of soil-nutrition linkages, understanding whether these were strategic actions and what explains them would be important via future research, so that common-pool resource governance could be strengthened and replicated in other smallholder communities. Experiences in other commonly managed resources such as rangelands, forests and fisheries could be helpful (Trawick 2001; Oldekop et al. 2012) .
Accompanying these aspects of spatial scale, it bears noting that households with larger herds and land areas in this study captured greater amounts of manure from rangelands, produced more food, and experienced greater FS compared to poorer households. Because manuring rates were linked to nutrition outcomes, the higher rangeland exploitation by animal-wealthy households may affect negatively the FS and child nutrition status of poorer households, which would be a nutritional dimension of the unequal access to common-pool resources discussed by Giller et al. (2006) .
Conclusions and policy recommendations
Adaptive coupling in these agricultural systems requires that environmental and nutrition benefits be congruent, so that households do not have to choose between feeding children and sustainable soil management. Our understanding of the potential for adaptive coupling stems from the pervasive and sobering negative nutrition outcomes for children in these Andean communities, and the surprising finding that wealthier households met FS needs by cropping larger land areas and maintaining larger herds to gather manure without these assets being linked to better child nutrition. By contrast, in some other households better child nutrition aligned with agronomic practices that reduce erosion and maintain soil fertility, which would be a promising example of adaptive coupling. However, even in these households, agronomic practices are insufficient to ensure sustainability, since the manuring linked to improved nutrition outcomes relies on grazing that will likely degrade rangelands. Our study strengthens the hypothesis that child care and feeding are important mediators between agricultural sustainability and nutrition, subject to attention to larger scales of degradation that may be occurring as smallholders pursue soil productivity in farmed fields.
Agricultural production that is strongly dependent on local environments continues to sustain smallholder households in many areas of the Andes and other world regions. As we discuss above, it is likely that across these other regions similar, though not identical relations exist concerning adaptive vs. maladaptive coupling among soil management, crop production, nutrition and FS, and local environments. Exploring intentionality of soil management and human nutrition decisions, as well as differing typologies and livelihood portfolios of smallholders, would allow understanding and promotion of household factors that produce adaptive alignment among human nutrition, FS, and sustainable management. For example, in regions where farms access outside markets and remittances to a greater extent, typologies could clarify how such factors as agricultural and labor markets, technology adoption, and knowledge networks contribute to or detract from effective child nutrition practices and sustainable soil management.
Development organizations and farming communities should build on the promising insights generated by this study regarding agriculture and nutrition for smallholder households. They can do this by raising the profile of insufficiently apparent or delayed (inconspicuous) consequences in these systems, such as soil erosion, rangeland degradation, and widespread chronic undernutrition in children. These efforts could include linking short-term benefits such as forage supplies and labor-saving methods to longer term reversal of degradation and undernutrition. Erosion management using forage species in live barriers exemplifies this combined short/long-term portfolio approach (Snapp et al. 2010 ). Such agricultural practices will allow the promotion of effective child care, feeding, and sanitation for improved nutrition within the context of farming and herding activities. For example, easing maternal labor demands from extensive, low-yield cropping and animal grazing will reduce barriers to positive changes in care and feeding behaviors (Jones et al. 2012) . Community governance schemes that increase sustainable rangeland yields, and regional efforts that reduce investment barriers for farmers to address soil erosion are also needed (Kessler and Stroosnijder 2006) . Meanwhile, regional governments and international organizations should further augment the research and promotion of adaptive strategies linking agriculture and nutrition (World Bank 2007) . This includes technological options that combine maintainance of soil fertility, nutrition, and health, and community governance options that demonstrate sustainability and equity at both field and rangeland scales. It also indicates further investigating the hypotheses raised here regarding the social dynamics behind maladaptive and adaptive coupling in smallholder food production contexts.
